The three joints of the thumb provide 5 degrees of
freedom and a wide range of motion for the thumb. The distal (interphalangeal) joint has flexion-extension move ment, providing 1 degree of freedom; the proximal (metacarpophalangeal) joint has flexion-extension and abduction-adduction movements, or 2 degrees of freedom; and the basal (trapeziometacarpal) joint has flexion extension and abduction-adduction motion (2 degrees of freedom) as well as a small, limited amount of axial rota tion. Axial rotation of both the metacarpophalangeal joint15 and the trapeziometacarpal joint16 can occur passively when the ligaments are lax and thejoints' articu lar surfaces are distracted, but during active motion and function (such as pinch and grasp), muscle forces and the compressive force across these joints constrain rotation and limit it to such an extent that axial rotation is not con sidered a degree of freedom of the thumb. Both the metacarpophalangeal and the trapeziometacarpal joi nts of the thumb, therefore, can be considered universal joints3.
No precise terminology to describe the motions of the trapeziometacarpal joint has been generally accepted16@22. and thumb-muscle forces7..t4.t7 all have been designated as factors that determine trapeziometacarpal motion.
None of these or other studies4'27'28 presented quan titative analyses of these complex movements in vito. Also, the exact orientations of the trapezium and of the thumb with respect to the hand have not been established clearly, and the roles of the various joints of the thumb that participate in thumb rotation remain uncertaint5. The data presented in this report were derived using an analytical technique that provided a three-dimensional description of the motion of the trapeziometacarpal joint and an accurate measurement of the amount of motion at this articulation.
Methods and Material
Motion of the trapeziometacarpal joint is difficult to measure in vivo. The trapeziumcannot be palpatedeasily and the goniometers that presently are avail able fit on the thumbpoorly. To provide a method of measuringthis motion, we elected to bypass the trapezium and to employ more easily identified landmarks. As a first step, using cadaver specimens we established the geometric orientationof the trapezium with respect to the hand which we representedby the second and third metacarpals, both known to be the rigid supports of the hand9.
In the second step (the in vivo studies), we used normal subjects and taped 1-shaped metal markers to the skin over the dorsum of the metacarpal and proximal phalanx of the thumb, as well as over the dorsumof the third metacarpal.Then, during thumb flexion, extension, and opposition and during pinch and grasp, we measured trapeziometacarpal motions using biplane roentgenograms,from which we could locate the three-dimensionalorientationof the 1-shaped markersover the proximalphalanxand firstmetacarpalof the thumbandover the thirdmetacarpalof the hand with respect to common referencecoordinateslocated on a special x-ray grid frame. Because of the fixed relationship between the trapezium and the third metacarpal, previously established from the studies on cadavera, the position of the trapezium did not need to be marked and could be ignored in determining the motions of the trapeziometacarpal joint.
Finally, we developed new terminology to define and describe the motion of the trapeziometacarpal joint and defined a numberof new concepts.
Anatomy
According to the classic anatomical description of the trapeziometacarpal (carpometacarpal) joint of the thumb, the surfaces of the joint resemble a saddle (Fig. I) . The reciprocal concave-convex articular surfaces of the trapezium and of the firstmetacarpalforman interlockingjoint mechanismthatrestrictsthe direction and rangeof motion and may be consideredthe mechanicalequivalentof a univer sal joint.
The central ridge on the trapezial articularsurface is the main anatomical landmark on which this concept of a universal joint is based. This ridge, which is concave in one plane and convex in another, permits flexion-extension and abduction-adduction and, during distraction of the joint, some axial rotation. The ridge begins medially near the base of the second metacarpal and runs volarly and laterally to the radial facet of the trapezium. The volar and lateral direction of the ridge forms an angle of approximately 80 degrees to the plane of the palm. The medial side of the ridge is quite convex but the lateral side is flattened, curved, and slightly concave. This flattened lateral aspect provides a smooth surface that articu lates with the convex articularsurface of the first metacarpal.The convex medial surface of the trapezium mates well with the concave aspect of the proximal end of thefirstmetacarpal andalsoprovidesforlimitedaxialrotation.Kuczynski demon strated that as an object slides across the central ridge from a position analogous to full extension to one analogous to full tlexion, there is almost 90 degrees of rota tion, which is comparable to the congruent conjunct rotation described by Mac Conaill and Basmajian.
The geometry of the surfaces of thejoint between the trapeziumand metacar pal of the thumb provides the basis for a reference plane that is different from the referenceplanesof motion of the fingersandcan be used to describemotionsof the trapeziometacarpal joint. For the thumb (Fig. 1) , there is a plane of motion for flexion-extensionwhich is perpendicularto the convex surface of the centralridge of the articularsurface of the trapezium.while the plane of motion for abduction adduction is perpendicular to the fiexion-extension plane and parallel to the concave-convex articularsurfaceof the centralridge (Fig. 1) . In the position of full adduction and full fiexion, there is close contact of the articulating surfaces of the first metacarpal and the trapezium (close-packed position)t8 , and under these con ditions rotation of the first metacarpal is constrained tightly. In full abduction and full extension, the flattenedpartsof these concave-convex articularsurfacesare in contact over a smaller area and provide very little constraint. Therefore, a greater arc of motion is possible. The middle position (between full flexion and full exten sion and between full abduction and full adduction) is a loose-packed position which provides the least area of contact of the articular surfaces and maximum axial rotation.Both flexion-extensionandabduction-adductionarerestrictedby the surface architecture of the articulating surfaces of the trapezium and the first metacarpal such that during flexion of the first metacarpal there is simultaneous medial rotation, while during extension there is simultaneous lateral rotation of the metacarpal. Rotation of the first metacarpal, isolated from other motions, can occuronly when this bone is articulatingwith the middle of the centralridge of the trapezium and when the thumb is relaxed and the surfaces of the joint are distracted by one to two millimeters. Whenmoreof the articularsurfaces are in contact. rota tion is restricted.
Coordinate Axes for Orientation of the Trapezium and for Motion of the Trapeziometacarpa/ Joint
Motion of the trapeziometacarpal joint of the thumb is easier to measure if it is relatedto its own system of X, Y. and Z coordinatesratherthan to a system based on the hand or the palm. Flexion-extension and abduction-adduction of the Thus, the first metacarpal cannot be moved along a plane parallel with the dorsal surface of the handtt. A coordinateaxis systemfor the trapeziometacarpal joint was establishedat the base of the thumb. The fixed system ofcoordinates (X', Y', and Z') was based in the trapeziumand was the reference from which to measure the motions of fiexion-extension , abduction-adduction, and axial rotation (pronation-supination) (Fig. 2) . Each axis of this system was established (in cadaver specimens) in rela tion to discrete bone and joint architectural landmarks identified by dissections. holders that were fixed to the support frame and were used to make the roentgeno grams2Â°. This reference system provided for three-dimensional orientation of the hand in space.
From the global reference system (X' , Y' , Z'), the spatial relationship be tween the fixed reference system (X, Y, Z) on the third metacarpal (representing the hand)and the moving referencesystem (x, y, z) on the firstmetacarpalcould be determined. The fixed and moving reference systems were located by T-shaped metal markers that were attached to the skin over the first and third metacarpals and were used for roentgenographic location of the three-dimensional positions of these bones in space. For the moving reference system, the 1-shaped marker was aligned over the first metacarpal so that the stem of the marker (x axis) was parallel with the long axis of the first metacarpal and the crossbar of the marker (z axis) was oriented parallel with the articular surface at the base of this metacarpal and perpendicular to the concave-convex central groove of this articular surface. This groove is con vex in the lateral-to-medial direction and concave in the anterior-to-posterior di rection, and is the reciprocal of the saddle-like ridge of the articular surface of the trapezium.
For the fixed referencesystem,the markerwaslocatedover thethird metacar pal so that the stem of the I (X axis) was aligned along the shaft of this metacarpal hand were made to confirm the correct transverse, rotational, and longitudinal alignment of the markers with respect to the axes of the first and third metacarpals, and based on these roentgenograms any rotation or malplacement of the T-shaped markers was corrected. Because three non-colinear points can be identified on each marker (the end of the stem of the 1, the end of the radially directed limb of the crossbar of the 1, and the junction between the stem and the crossbar), these markers could be used to determine the movements of the first metacarpal.
The orientation angles of the trapezium (Fig. 5 ) defined the position of the trapezium with respect to the palm. Kuczynski described the trapezium as being rotated (pronated) 60 to 70 degrees from the plane of the palm, while Napier2' be lieved that this angle was 80 degrees. Neither author considered the other two an gles of orientation of the trapezium to the palm; that is, the fiexion-extension and adduction-abduction angles. Littler reported that there is an angular relationship between the trapezium and the fixed second metacarpal, and that this relationship allows the mobile metacarpal of the thumb to be positioned so that the inter metacarpal angle (between the thumb and second metacarpal) is 36 degrees of ra dial abduction and 24 degrees of palmar fiexion. but he did not describe the third component, rotational alignment.
Since the trapezium is oriented obliquely with respect to the plane of the hand, we separately measured orientation angles that would exactly establish the orien tation of the trapezium in relation to the third metacarpal. By using three reference planes (transverse, longitudinal. and coronal) for the hand, the position of the trapezium could be defined in terms of angles of fiexion-extension, abduction adduction, and rotation with respect to the classic anatomical position of the hand. To do this, X', Y', andZ' coordinatespreviouslyestablishedin the trapezium( 
In Vitro Ana/ysis
Ten cadaver hands were studied to determine the exact orientation of the trapezium with respect to the third metacarpal . This study established so-called orientationangles thatdefinedthe three-dimensionalposition of the trapeziumwith
FIG. 5
Orientation angles of the trapezium defined the spatial location of the trapezium with respect to the fixed reference of the hand, which in this study was assumed to be represented by the second and third metacarpals. The trapezium is oriented obliquely in 38 degrees of abduction (A), 48 degre2s of fiexion (B), and 81 degrees of pronation (C) with respect to the coronal plane of the hand.
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Global reference system : XYZ
The three reference coordinate systems used to determine the motions of the trapeziometacarpal joint in vivo: (1) the global system (X', Y', Z'), which is established by the grid lines on the cassette-holders for the anteroposterior and lateral roentgenograms; (2) the fixed system (X, Y, Z), which is located over the third metacarpal and fixes the position of the hand in space; and (3) the moving system (x, y, z), which is located over the first metacarpal and describes its position with respect to the third metacarpal (hand). The numbers on the third (1, 2, 3) and on the first (4, 5, 6) metacar pal identifynon-colinearpointson T-shapedmarkersthat can be identifiedin any positionof the handand permita vectorialsolutionfor thedetermi nation of the orientation of the moving coordinate system (thumb) relative to the fixed coordinate system (hand). A T-shaped marker is shown over the distal phalanx, but motion of the interphalangeal joint was not studied.
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respect to the palm of the hand. Biplane roentgenograms (Fig. 6-A) were made of the cadaver hands, with 1-shaped metal markerslocated on the trapeziumand on the third metacarpal. Two x-ray beams directed at 90 degrees to each other were used to make orthogonal-projection roentgenograms of the hand and markers . The metal wires embedded in the plastic cassette-holder formed a grid system which was projected onto the roentgenograms. From these roentgenograms, which showed a grid system of known area and a known center of reference, the exact three-dimensional orientation of the trapezial and third metacarpal 1-shaped markers could be obtained.
In each cadaverhandthe proximalphalanx. metacarpal,and trapeziumof the thumb, as well as the third metacarpal, were exposed by anatomical dissection. The orientationsof the bones and of the joint-surface landmarkswere established so that 1-shaped markers could be inserted in relation to the previously described coordinate axis systems. To insert the trapezial marker, the central ridge of the trapeziometacarpal articular surface, the volar tubercle, and the flat radial (lateral) side of the trapezium were identified, as well as the medial articulation of the trapezium and the second metacarpal. The marker was inserted in the trapezium so that its crossbar was parallel to the central ridge of the articular surface of the trapezium (Z' axis in Figure 3 ) while the stem of the I was aligned parallel with the x, axis, defined proximally by the scaphoid-trapezium-trapezoid articulation and distally by the middle of the central ridge of the trapezium (Fig. 6-B) .
To position the markers on the second and third metacarpals. a marker was placed directly on each bone so that its stem was aligned along the shaft and its crossbar was aligned parallel with the articular surface on the base of the cone sponding metacarpal. These markers were sutured to the periosteum to hold them in position. The marker on the second metacarpal was used as a check to ensure proper alignment of the marker on the third metacarpal. True anteroposterior and lateral roentgenograms of both the hand and the thumb were made to confirm cor rect alignment. The tip of the stem, one tip of the crossbar, and the junction of the stem and crossbar of each marker served as non-colinear points. They were easily visible on the roentgenograms and were used to identify the exact three dimensional location of the trapezium and the third metacarpal.
In Vivo Ana/ysis
In nineteen adults (nine male and ten female subjects) with no evidence of thumb-joint disease or injury, we selected the following six positions of the thumb to representextremes of motion as well as functionalactivities and determinedthe Procedure for making the biplane (anteroposterior and lateral) roent genograms that were used to provide the three-dimensional orientation of the thumb joints studied in the various functional configurations. Exact measurements of the position of each individual 1-shaped marker located over the phalanges and metacarpal of the thumb and over the third metacarpal provided the necessary data to determine the angular motions of the thumb joints. Roentgenogram showing orientation of the trapezium with respect to the third metacarpal (palm). This orientation is determined by two sets of coordinate axes, one fixed to the trapezium and the other fixed to the third metacarpal. The system on the third metacarpal is defined by marker points 1, 2, and 3, while the system on the trapezium is deter mined by points 4, 5, and 6. Marker points 7, 8, and 9 (over the second metacarpal) are used to check the accuracy of the method and, at the same time, to verify the assumption that no relative motion occurs be tween the second and third metacarpals and the trapezium. Metal grid lines on the cassette-holder are used to construct the global reference sys temX', Y', Z'.
Drawing showing how the exact orientation of the trapezium was de termined by inserting a 1-shaped marker into the trapezium. This marker was oriented so that the short stem of the T was parallel to the central ridge of the articular surface of the trapezium and the long stem was parallel with the X' axis of the coordinate axis system of the trapezium (see text and Fig. 3 ). This X' axis of the trapezium (X' â€"¿ X') was defined as the line extending from a distal point located at the mid-point of the central ridge of the trapezial saddle-shaped distal articular surface through the substance of the trapezium to a proximal point located at the center of the articulation formed by the scaphoid, trapezoid, and trapezium. This proximal point was identified anatomically at the time when the 1-shaped marker was inserted. Biplane roentgenograms of the hand, with the thumb held comfortably in the six functional positions described, were made using the previously described cassette-holders and grid system (Fig. 7) . The orthogonal (anteroposterior and lat eral) roentgenograms of the thumb were projected on a Vanguard motion analyzer which displayed the roentgenograms and set the x, y, and z axes. A sonic digitizer (Figs. 8-A and 8-B) , equipped with two microphone receivers oriented perpendicu lar to each other and a sonic pen stylus, was employed to record the position of each 1-shaped marker in the global coordinate system. The data points were re corded on magnetic tape and the joint motions were determined using a computer program. The fixed coordinate axis system, located on the third metacarpal, repre sented the trapezium in this in vivo study. The orientation angles of the trapezium, previously measured in the in vitro cadaver study. were used to transpose the fixed coordinate axis from the third metacarpal to the trapezium so that motion of the trapeziometacarpal joint could be determined.
Ana/ytica/ Method
The calculation of the motion of the trapeziometacarpal joint in the living sub jects was based on the following rationale: ( I) if three non-colinear points on a 1-shaped marker fixed on the moving part of a system (here, the thumb metacarpal)
can be identified at any position of function, and (2) if the locations of three non colinear points on the moving part can be measured with respect to a fixed coordi nate reference system, then (3) a reproducible relationship in terms of final motion can be constructed vectorially and can be used to define the position of the moving coordinate system.
The biplaneroentgenogramsdefinedthe positions of the non-colinearpoints in two planes when the thumbwas placed in the six positions studied. Once the loca tions of these points had been determined roentgenographically for these positions of the thumb, the relationships of the markers to each other were calculated, and
FIG. 9-A FIG. 9-B
Figs. 9-A and 9-B: The plastic model that was used to validate the technique. Fig. 9 -A: Roentgenograms of plastic cubes with 1-shaped markers oriented at known angles are made into two planes, and the orientation of the plastic blocks with respect to each other is determined using the method described. 
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the motions of the trapeziometacarpal joint that were required to assume the six positions were determined (in degrees) using a rigid-body transformation mathx of these data points. The motions were expressed as Eulerian angles3 and coincided with the clinically recognized motions of flexion-extension, abduction-adduction, and axial rotation. These determinations were carried out as previously described for the elbow20.
Validation of the Experimenta/ Technique
To assess the accuracy of the roentgenographic method, we used a model made of plastic blocks which were oriented at measured angles with respect to one another ( Fig. 9-A) . 1-shaped markers taped to the surface of each block served as reference points for the construction of the different coordinate axes. Biplane roentgenograms were made of the model, and the angles, determined by the method already described, were compared with the measured angles.
We also assessed the effect of the soft tissues between the markers on the skin and those on the underlying bones. 1-shaped markers were placed on both the skin and the bones of four fresh-frozen and thawed upper-limb specimens, and biplane roentgenograms were made (Fig. 10) with the thumb placed in positions of rest, flexion, extension, and abduction. The resulting motions of the metacar pophalangeal and the trapeziometacarpal joints, determined by means of the two sets of markers, then were measured and compared.
FIG. 10
1-shaped markers were placed both on the skin and directly on the bones of the thumb and on the third metacarpal of four cadaver hands. In various positions of the thumb, the angles of the thumb joints measured by the skin and skeletal 1-shaped markers were compared to determine the effect of soft tissues on the measurements made using skin markers.
As an additional test of the reliability of the measurements made by the marker technique, we secured markers of known length on plastic cubes with known di mensions and placed the cubes in different known locations and positions on the cassette grid (Fig. 9-B) . Biplane roentgenograms were made of the cubes in each situation to determine if changes in position altered the length of the projections of the markers on the roentgenograms.
Finally, to assess the accuracy of the examiner and of the recorded data, two additional measurements were used. The first was the magnitude of the common perpendicular, S. described in a previous study20. Graphically, S can be described as the shortest distance between two x-ray beams at the marker point where theoret ically they should intersect. Because of the invariable divergence of x-rays. the beams rarely do intersect, but the small distance between them can be measured. The mid-pointof the distance (S) can be assumedto approximatethe position of the marker point. If S is small. then the error of measurement is insignificant.
The second measurement that was used to examine the accuracy of the data 
Results
Orientation Ang/es of the Trapezium
The fixed relationship between the trapezium and the third metacarpal, as determined in the ten cadaver hands that were studied, indicated that the trapezium was de viated from the third metacarpal at mean angles of 46 de grees of palmar flexion, 35 degrees of radial abduction, and 82 degrees of medial rotation (pronation). This devia tion (Table I) 
Trapeziometacarpa/ Joint Motion
TABLE II MEDIAN ARCS OF ACTIVE MOTION AT THE TRAPEZIOMETACARPAL JOINT (MEAN AND STANDARD DEVIATION) DURING FUNCTION OF THE THUMB
In the nineteen normal adults, whose average age was twenty-six years (range, twenty-two to thirty-nine years), the median arcs of trapeziometacarpal motion (Table II) , recorded for all of the functional thumb configurations studied, were 53 degrees of flexion-extension, 42 degrees of abduction-adduction, and 17 degrees of rotation. The studies demonstrated that flexion, adduction, and prona tion of the metacarpal were the most frequent positions during thumb function. The potential ranges of motion as well as the differences between the maximum thumb po sitions varied among the nineteen subjects. The resting position of the trapeziometacarpal joint was taken to be its position when the thumb was in the posture that it naturally assumes when it is not in active use â€"¿ that is, with the thumb in apposition to the mid-portion of the distal phalanx of the index finger and the interphalangeal and t Whenthethumbis in therestingposition, thefirstmetacarpal is in adduction withrespect to thetrapezium. In thispositionof thethumb, the thumb pulp is in apposition to the radial side of the index finger (in the lateral pinch position).
@
The thumbsupinatesduringextensionfrom the restingposition.
metacarpophalangeal joints each flexed 10 to 15 degrees. In this position, the trapeziometacarpal joint was in 21 degrees ( Â±10 degrees) of flexion , 23 degrees ( Â± 5 degrees) of adduction, and 14 degrees (Â±9 degrees) of pronation (Table III) . The angles that were calculated varied with the size and anatomical variations of the different subjects'
hands. Flexion-extension, abduction-adduction, and pro nation-supination of the trapeziometacarpal joint during maximum active flexion, extension, and abduction of the thumb, as well as during grasp and tip pinch, were deter mined also (Table 111 ). The first metacarpal was adducted with respect to the trapezium in all positions except ab duction and grasp, and the first metacarpal was pronated on the trapezium in all positions except extension.
The resting position of the trapeziometacarpal joint, which was measured in all nineteen subjects, was also im portant in determining the starting point for the measure ment of other motions of the thumb and in describing the types of thumb motion used in daily function of the hand.
The motions of the trapeziometacarpal joint described in these terms were angular movements of the first metacar pal in relation to the trapezium. The results indicated that, because of the constraints on the motion of the trapezi ometacarpal joint (imposed by the geometry of the joint surfaces and by the ligaments), pure rotation of the trapeziometacarpal joint with respect to a single axis did not occur. During full active flexion of the thumb, the av erage movements of the trapeziometacarpal joint from the resting position were 15 degrees of flexion, 2 degrees of abduction, and 6 degrees of pronation. Similarly, during full active extension of the thumb, the average motions of the trapeziometacarpal joint from the resting position were 33 degrees of extension, 3 degrees of adduction, and 11 degrees of supination. Pure active abduction of the thumb produced 14 degrees of extension, 38 degrees of abduc tion, and 6 degrees of pronation of the trapeziometacarpal joint. During tip pinch, the average motions of this joint were 8 degrees of flexion, 5 degrees of abduction, and 5 degrees of pronation; and during grasp, 4 degrees of flex ion, 33 degrees of abduction, and 6 degrees of pronation.
These movements occurred simultaneously rather than se quentially and reflected the fact that the trapeziometacar pal joint is a compound joint in which pure angulation and pure rotation about a single axis do not occur.
To separate the contributions to over-all thumb mo tion of the trapeziometacarpal joint from those of the metacarpophalangeal joint, the motions of each of these joints were determined using the described technique.
Motion of the metacarpophalangeal joint was determined with respect to the previously described x, y, z axis system based on the trapezium without reference to the hand. When the thumb was moved from the resting position into flexion, extension, or abduction, or it performed tip pinch or grasp, the mean arcs of motion ( Â±standard deviation) of the metacarpophalangeal joint were: flexion-extension, and rotation, 22 Â±4 degrees.
A comparison of the male and female subjects suggested that the men had slightly larger ranges of motion in all directions (Table II) , particularly axial rotation, in which the range was greater in men by approximately 6 degrees. However, a paired t test, performed with a confidence interval of p < 0.01 , indicated no significant difference between the ranges of motion of the trape ziometacarpal joints of the two sexes.
Va/idity and Reliabi/ity
The tests on the plastic models indicated that the an gles for four different locations of the blocks, determined by the technique described, differed from the actual angles by an average of 6 per cent (Table IV) . The largest errors occurred when the model was located near the margin of the cassette field or when certain marker points overlapped one another. Comparing the different motions, the greatest error was in the determination of axial rotation (pronation-supination), a determination in which the angle was most affected by the accuracy of the positioning of the non-colinear points.
The four cadaver hands with both skin and skeletal markers were analyzed with the thumb in the resting posi THE THUMB TRAPEZIOMETACARPAL JOINT   TABLE IV tion and in flexion, extension, and abduction. At the ex tremes of these motions the average difference, comparing the measurements made using the skin markers with those made using the skeletal markers, was 7 degrees (range, 1 to 11 degrees). However, when the arcs of movement from the resting position to full flexion, extension, and abduc tion were determined from the two sets of T-shaped markers and compared, the average difference was only 5 per cent.
The tests on the cube blocks using markers of known length showed that the average difference between the ac tual lengths and the measured lengths, determined from the biplane roentgenograms after changing the position of the cubes, was 2 per cent.
In the error analysis the largest value for the common perpendicular S was 1.27 centimeters, and this was as sociated with the worst experimental conditions. The mean
common perpendicular for all subjects tested in the various functional configurations was 0.38 centimeter, which mdi
cates that the biplane technique was reliable in detecting minute angular changes in the trapeziometacarpal joint. In the assessment of the orthogonality of the T-shaped mark ers, the maximum deviation from 90 degrees was Â±4de grees. The average angle for the orthogonality of the markers in the nineteen subjects, as determined by the computer program, was 89 degrees.
Discussion
Motions of the trapeziometacarpal joint of the thumb have been studied both clinically and experimentally be cause of the importance of this joint in the prehensile functions of daily activitiesâ€•9. Previous studies employed indirect methods. Tubiana and Valentin, de la CaffiniÃ¨re, and other authorsâ€•28 used a method involving movement of the thumb away from the palm of the hand, on the as sumption that this is the main function of the basal joint of the thumb (for example, antepulsion and retropulsion). The International Federation of Societies for Surgery of the Hand characterized the motions of the thumb in rela tion to the remainder of the hand. In this scheme, exten sion is defined as abduction in a plane parallel to the plane of the palm; abduction, as volar displacement in a plane perpendicular to the palm; and opposition, as the position of the thumb achieved by circumduction of the first metacarpal, internal rotation of the ray of the thumb, and extension of the metacarpal and interphalangeal joints.
These are useful clinical terms, but they are not indicators of the true motions of the trapeziometacarpal joint. Lack of clear definitions for coordinate axes and angular motion has created problems in the exchange of knowledge con cerning the quantitation of thumb movements.
In the present study, the third metacarpal was used to represent the palm and to establish a separate system of coordinates for the thumb at the level of the trapezium. The motions of the trapeziometacarpal joint then could be defined with respect to axes that had a fixed relationship to the trapezium. Our results revealed that the maximum standard deviations were Â±11 degrees for flexion extension, Â±4degrees for abduction-adduction, and Â±10 degrees for pronation-supination in our sample group of nineteen normal hands tested in vivo. The differences were due mainly to variations in the normal population, although errors due to the measuring technique could not be excluded. Factors contributing to the variability were believed to be the clarity with which the marker points were shown on the roentgenograms , movement of the hand between the times when the two consecutive orthogonal roentgenograms were made, and experimental error in placing the marker on the subject's thumb. Motion of the T-shaped markers on the skin relative to the underlying bones was relatively small, as determined by the compara tive analyses of the four fresh-frozen and thawed speci mens on which both skin and skeletal markers were used. These measurements demonstrated a close correlation be tween the movements of the markers on the skin and those of the underlying skeletal markers. However, we could not repeat the passive motions with enough accuracy to estab lish the reproducibility of the results obtained with the marker technique. In vivo measurements repeated on sev eral patients by different examiners showed only small dif ferences in the measurements.
The range of flexion-extension of 53 Â±11 degrees at the trapeziometacarpal joint determined in the present study is comparable to the range of 45 to 60 degrees de scribed by Steindler, but less than the 50 to 90 degrees de grees, and according to Kapandji, it was 40 to 50 degrees. In our study, active rather than passive motion was mea sured, and the exact axis and range of abduction-adduction were defined. The plane of abduction-adduction of the trapeziometacarpal joint was specified with respect to the articular surface of the trapezium, which is oriented at an surement of palmar abduction as the angle between the first and third metacarpals â€"¿ an angle that ranges from 45 to 50 degrees. Using our technique, we could define metacarpophalangeal joint motion with respect to its own coordinate system, and based on these definitions we could separate thumb metacarpophalangeal-joint abduction from trapeziometacarpal abduction and determine that both joints contribute to abduction and opposition of the thumb. Of greater significance was the consistent finding of adduction of the trapeziometacarpal joint in all functional positions except abduction (opposition) and grasp. Adduction is an unstable position for the thumb, which in daily use must resist forces that are ten to thirteen times the applied force3 . This position may have some bearing on the loss of motion, subluxation, and osteoarthritis that fre quently are seen in this joint24.
The range of axial rotation (pronation-supination) of the first metacarpal at the trapeziometacarpal joint during all functional thumb movements was 17 Â± 10 degrees. This motion was completely independent of the axial rota tion of the proximal phalanx at the metacarpophalangeal joint, in which the average axial rotation was 22 Â±4 de grees. Kaplan'4â€•5 concluded that axial rotation of the trapeziometacarpal joint ranges from 15 to 20 degrees but occurs only when the joint is in flexion. He also thought that no axial rotation of the trapeziometacarpal joint occurs during abduction and adduction. Eaton and Littler ob served a range of 20 to 30 degrees of axial rotation of the metacarpal during opposition of the thumb, but did not measure this rotation separately from the other compo nents of this complex movement. We found that 6 to 7 degrees of pronation of the metacarpal occurred during pinch and grasp, and that when the thumb was abducted there was also some associated metacarpal rotation. Haines, Kuczynski, and McFarlane stated that rotation of the first metacarpal occurs during abduction because the trapeziometacarpal ligaments tighten in abduction and be cause the flatter parts of the trapeziometacarpal joint sur faces are in contact in this position. Our results and the re sults of others4â€•6showed that axial rotation of the thumb metacarpal occurs primarily during flexion and extension of the thumb, due in part to the curved groove on the ar ticular surface of the trapezium along which the first metacarpal moves during flexion and extension.
Our results demonstrate that the combined motions of abduction and flexion of the trapeziometacarpal joint con tribute to opposition and circumduction of the thumb. Axial rotation of the trapeziometacarpal joint is an impor tant part of these motions but is not the main component. The conjunctive thumb motion of opposition18'21 is a spe cial function of the trapeziometacarpal joint and is depen dent not only on the geometry of the joint but also on muscle action and on ligament constraints, all of which participate in defining those motions of the thumb that make purposeful functioning of the hand possible.
Conclusions
Because the trapeziometacarpal joint of the thumb is commonly involved by disease, more knowledge of its motion is essential for the planning of adequate treatment. The motion of this joint has been difficult to measure quantitatively because of constraints imposed by the geometry of the joint surfaces and by the soft tissues.
Using the method described, in which: ( I) external mark ers are secured to the skin over the bones of the thumb and third metacarpal, (2) the marker points are located on bi plane roentgenograms, and (3) defined reference coordi nate systems are used, it is possible to calculate the spatial orientations of the trapeziometacarpal joint in extreme po sitions. During flexion and extension, as well as during pinch functions, the trapeziometacarpal joint of the thumb re mains in an adducted position. Axial rotation of the trapeziometacarpal joint does not occur independently, but only as part of the conjunct movements of flexion and adduction, of flexion and abduction (opposition), and of extension and abduction of the thumb. The trapeziometa carpal and metacarpophalangeal joints together contribute to the axial rotation of the thumb that occurs during both opposition and circumduction.
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